Introduction {#Sec1}
============

The small yellow croaker, *Larimichthys polyactis*, is a benthopelagic marine fish species that is endemic to the Bohai Sea, Yellow Sea and East China Sea^[@CR1],[@CR2]^, and is an ecologically and commercially important marine fish species^[@CR3]^. Artificial propagation of *L. polyactis* was achieved in 2015^[@CR4]^, and has contributed to the increased success of farming of this species in China. However, genetic studies of *L. polyactis* are limited to population structure and genetic diversity surveys^[@CR5]--[@CR7]^, and transcriptome analysis under specific conditions^[@CR8]^, and there are few established microsatellite markers^[@CR9]--[@CR11]^, and mitochondrial genome sequences that are available^[@CR12],[@CR13]^.

Adult size is a critical economic trait for all aquaculture species^[@CR14]^, as larger fish are more valuable to consumers. Thus, the development of broodstock that can grow rapidly is of great interest. However, genomic resources for *L. polyactis* are not well developed*,* limiting our understanding of genes that contribute to growth in this species. Growth is a quantitative trait controlled by multiple genes, or quantitative trait loci (QTLs). Compared to traditional selective breeding programs that focus in selecting individuals with desirable traits, molecular based breeding programs accelerate the breeding process by using genetic markers that can be quantified faster than adult traits^[@CR15]^. Dense genetic maps are necessary for molecular breeding.

The development of next-generation sequencing (NGS) technologies have facilitated the sequencing and assembly of many fish genomes, such as *Cynoglossus semilaevis*^[@CR16]^, *Cyprinus carpio*^[@CR17]^, *Larimichthys crocea*^[@CR18]^, *Miichthys miiuy*^[@CR19]^, *Paralichthys olivaceus*^[@CR20]^, *Lateolabrax maculatus*^[@CR21]^, *Epinephelus lanceolatus*^[@CR22]^, and *Carassius auratus*^[@CR23]^. Recently, the first reference genome of *L. polyactis* was sequenced and assembled (Xie et al., unpublished), and genome-scale SNP markers can now be identified through resequencing of the genome, which allows for the construction of high-density linkage maps. Genetic linkage maps are essential resources that can improve the quality of the genome and chromosomal assembly^[@CR24]^, and are essential for mapping QTLs. QTL mapping identifies genes that are related to phenotype variations within populations, and genes identified through QTL studies could be used to enhance breeding programs.

The objectives of this study were: (1) large-scale identification of SNPs and construction of a high-density SNP-based linkage map using genotyping by resequencing individuals of *L. polyactis*; (2) QTL mapping to detect SNPs associated with growth traits using the high-density map; and (3) identification of candidate genes that regulate growth related-traits of *L. polyactis*. This study establishes large-scale SNP markers and high-density linkage maps for *L. polyactis*, which can facilitate genome assembly, comparative genomics, and QTL mapping for economic traits in *L. polyactis.*

Results {#Sec2}
=======

Values of the phenotypic traits {#Sec3}
-------------------------------

We used 110 *L. polyactis* progeny to generate the linkage map. The average values for total length, body length, and body weight were 16.62 ± 1.10 cm, 13.76 ± 0.87 cm, and 48.89 ± 10.33 g, respectively. These growth traits were strongly correlated with each other (r = 0.902--0.949, *P* \< 0.01 for all) (Table [1](#Tab1){ref-type="table"}). Body length and body weight had the highest correlation (r = 0.949). Of the progeny, 35 and 66 individuals were identified as males and females, respectively, with a sex ratio of 1:1.89. We were unable to identify the sex of the remaining nine individuals of the 110 progeny.Table 1Pearson correlation coefficients (r) for all pairwise combinations of the three growth-related traits (*P* \< 0.01 for all).Total lengthBody lengthBody weightTotal length1Body length0.9461Body weight0.9020.9491

Construction of sequencing library and sequencing {#Sec4}
-------------------------------------------------

A total of 112 sequencing libraries from two parents and 110 progenies were constructed and sequenced to generate 849.37 Gb of sequencing data, which resulted in 847.47 Gb of high-quality sequencing data with an average Q20 ratio of 97.09% and a GC content of 42.28%. The parents were sequenced at a higher level to enhance the chances of detecting more SNP markers. Finally, clean data covering 14.78 Gb with a GC% of 42.10 and 13.56 Gb with a GC% of 42.33 were obtained for the male and female parents, respectively. For each individual, the clean data ranged from 6.32 to 9.89 Gb, with an average of 7.45 Gb (Supplementary Table [S1](#MOESM2){ref-type="media"}). From the paired end clean reads, 97,046,018 reads were obtained from the female parent and 105,785,790 reads were obtained from the male parent. Only reads that aligned to unique positions on the reference genome were retained for the subsequent SNP calling and genotyping (Supplementary Table [S2](#MOESM3){ref-type="media"}).

SNP discovery and genotyping {#Sec5}
----------------------------

SNP calling of the two parents and F1 individuals was performed using GATK. A total of 777,570,223 markers were detected, of which 14,317,836 were retained once SNPs with more than 20% missing data in both genotype and individual were removed. After initial genotyping, the CP model was used in JoinMap5.0 to select for segregation types lm × ll (48,698 markers), nn × np (47,340 markers), and hk × hk (28,809 markers), which resulted in a total of 124,847 SNPs that were polymorphic in at least one parent and 92% of progeny (Table [2](#Tab2){ref-type="table"}).Table 2Number of genotyping SNPs in each segregation types in F~1~ individuals.Marker typeMother genotypeFather genotypeMarker numberPercentagehkxhkhkhk28,80923.07%nnxnpnnnp47,34037.92%lmxlllmll48,69839.01%Total124,847100.00%

Construction of the genetic map {#Sec6}
-------------------------------

Once SNPs with significant segregation distortion were removed, 94,169 SNPs were retained to construct the genetic map. Linkage group (LG) assignments were made using the separate chromosomes module with a logarithm of odds (LOD) score limit of 12. On the female map, 49,235 SNPs were categorized into 24 linkage groups (LGs). Subsequently, the redundant SNPs that mapped to the same loci were removed, and 1,299 effective SNPs were selected with a genetic length of 1942.42 cm and an average distance of 1.51 cm (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). On the male map, 49,074 SNPs were categorized into 24 LGs, and 1,405 effective SNPs were selected with a genetic length of 1773.64 cm and an average distance of 1.27 cm (Supplementary Fig. [S2](#MOESM1){ref-type="media"}). The two parent maps were merged and redundant SNPs were removed, resulting in the integrated map that spanned 2,567.39 cm with 3,802 effective SNPs in 24 LGs (Fig. [1](#Fig1){ref-type="fig"}; Supplementary Fig. [S3](#MOESM1){ref-type="media"}). Among the 24 LGs in the integrated map, LG16 was the largest group with a genetic distance of 212.87 cm and 249 effective SNPs, and LG17 was the shortest with 113 markers spanning 56.22 cm. The average effective SNP interval ranged from 0.50 to 0.99 cm, with an average distance of 0.66 cm (Table [3](#Tab3){ref-type="table"}; Supplementary Table [S3](#MOESM4){ref-type="media"}).Figure 1The consensus linkage map of L. polyactis. The consensus map which contained 3,802 effective SNPs in 24 linkage groups was constructed through combing the male and female linkage maps. Table 3Characteristics of genetic maps and anchoring scaffolds of *L. polyactis.*LinkageMaternal mapPaternal mapIntegrated mapNo. of SNPs/effective SNPsDistance (cm)No. of SNPs/effective SNPsDistance (cm)No. of SNPs/effective SNPsDistance (cm)Effective average distance (cm)LG12,519/5861.522,861/70131.95,317/213144.850.68LG22,528/5370.762,927/6774.434,937/15577.250.50LG32,452/5977.562,638/5156.994,783/13581.850.61LG42,767/5384.692,578/6069.814,925/15495.100.62LG52,582/6699.052,267/6262.844,543/175129.360.74LG62,322/5769.932,268/6568.884,298/15694.800.61LG72,329/6983.702,332/7788.254,299/15275.870.50LG82,322/3954.372,111/4951.434,147/11056.690.52LG92,495/6796.831,958/6282.044,182/172105.680.61LG102,146/6193.792,232/5366.254,076/211147.60.70LG112,104/5191.462,161/6267.023,980/16185.140.53LG121852/4771.272,045/5268.093,660/12467.140.54LG132000/5170.151,932/6882.123,630/15698.990.63LG141898/6276.711,836/5468.373,411/183146.880.80LG151959/55159.061,679/4071.033,430/129127.830.99LG161602/70110.191,996/6798.503,300/249212.870.85LG172,347/5156.141,931/6356.883,438/11356.220.50LG181672/54103.821,933/5671.663,410/227181.550.80LG191835/4686.891,729/5968.253,331/12899.700.78LG201517/4175.351,630/68113.882,947/11870.590.60LG211,610/4057.331,656/4554.163,044/11764.570.55LG221652/5375.841,526/5257.022,798/13287.870.67LG231,419/5962.501,520/6788.512,689/213152.070.71LG241,306/3753.511,328/3655.332,483/119106.920.90Total49,235/1,2991942.4249,074/1,4051773.6491,058/3,8022,567.39-Average2051.46/54.1380.932,044.75/58.5473.903,794.08/158.42106.970.66

QTL mapping of growth traits {#Sec7}
----------------------------

The integrated linkage map with 3,802 effective SNPs in 24 LGs of *L. polyactis* was used to identify QTLs that associate with growth traits. The interval mapping model in the MapQTL package was used to analyze the total length, body length, body weight of 110 progeny. The estimated significant thresholds from permutation tests were 4.5 for total length, 4.8 for body length, and 3.9 for body weight.

The numbers of SNPs that were detected for each trait are shown in Table [4](#Tab4){ref-type="table"}. We found three significant SNPs for total length with LOD scores of 4.74, 4.73 and 4.61, and these SNPs were located at 51.77, 52.23 and 52.69 of LG11. The proportion of phenotypic variation explained by these SNPs was 18.5%, 18.5% and 18.1%, respectively. Thus, this is a candidate genomic region for controlling total length of *L. polyactis* (Fig. [2](#Fig2){ref-type="fig"}a; Supplementary Fig. [S4](#MOESM1){ref-type="media"}; Supplementary Table [S4](#MOESM5){ref-type="media"}). Similar to total length, body length had 19 significant SNPs in LG11, and their LOD values were larger than 4.5. The proportion of phenotypic variation explained by these SNPs ranged from 18.30 to 22.6%. Thus, this region is a candidate genomic region for determination of body length of *L. polyactis* (Fig. [2](#Fig2){ref-type="fig"}b; Supplementary Fig. [S5](#MOESM1){ref-type="media"}; Supplementary Table [S4](#MOESM5){ref-type="media"}). Nine SNPs were associated with body weight, and the proportion of phenotypic variation explained by these SNP ranged from 15.20 to 17.10%. One SNP of the nine was detected in LG6, and the rest were located in LG11, thus these two regions represent candidate regions for determining body weight in *L. polyactis* (Fig. [2](#Fig2){ref-type="fig"}c; Supplementary Fig. [S6](#MOESM1){ref-type="media"}; Supplementary Table [S4](#MOESM5){ref-type="media"}). Interestingly, three SNPs in LG11 were shared among total length, body length and body weight. In addition, eight SNPs were shared for both body length and body weight.Table 4Detected QTLs for growth-related traits of *L. polyactis.*TraitsLinkagePositionNumber of significant SNPsLOD threshold valueLOD value of detected SNPsExp%^a^Total lengthLG1151.77--52.6934.54.61--4.7418.10--18.50Body lengthLG1142.6114.85.1719.5046.7515.1319.4050.86--52.6955.01--5.9319.40--22.6054.06--58.17104.81--5.3118.3--20.1059.55--60.0024.87--4.8918.50--18.60Body weightLG671.9313.94.3016.9LG1151.32--52.6943.96--4.3216.40--17.10LG1154.98--56.3543.91--4.0315.20--15.70^a^ percentage of explained phenotypic variation. Figure 2Total length (**a**), body length (**b**) and body weight (**c**) QTL mapping and association analysis in *L. polyactis* among all linkage groups. The x- and y-axes correspond respectively to relative position on the linkage groups and the LOD value. The red horizontal line represents a linkage group-wise logarithm of odds (LOD) significance threshold of 4.8 for total length, 4.5 for body length, and 3.9 for body weight.

Potential candidate genes {#Sec8}
-------------------------

To further identify potential causative genes underlying growth traits, we screened the reference genome and identified protein-coding genes by mapping the corresponding tags of SNPs in QTL regions to the scaffold assembly followed by retrieval of the corresponding gene from the gene annotation file. Thirteen genes were thus identified, including kinesin-like protein KIF26B (*kif26b*), E3 ubiquitin-protein ligase AMFR-like (*amfr*), Nucleolar RNA helicase 2 (*ddx21*), elongation factor for RNA polymerase II (*ell*), polypeptide N-acetylgalactosaminyltransferase 2 (*galnt2*), globoside alpha-1,3-N-acetylgalactosaminyltransferase 1 (*gbgt1*), glucosamine 6-phosphate N-acetyltransferase (*gna1*), Homeodomain-interacting protein kinase 3 (*hipk*), solute carrier family 6 member 2 (*slc6a2*), B(0, +)-type amino acid transporter 1 (*bat1*), serine/threonine/tyrosine interacting protein (*styx*), ArfGAP with GTPase domain, ankyrin repeat and PH domain 2 (*agap2*) (Supplementary Table [S5](#MOESM6){ref-type="media"}). Of these, the most significant SNP located in the QTLs on LG11 that was associated with total length, body length and body weight revealed *kif26b* as a potential candidate gene that may regulate growth in *L. polyactis.* The candidate genes of *amfr*, *ddx21*, *gbgt1*, *gna1*, *bat1*, *styx* detected on LG11 were also shared for body length and body weight. These candidate genes may contribute to the genetic control of growth traits. The exact function of these genes in *L. polyactis* needs further study.

Discussion {#Sec9}
==========

High density genetic linkage map {#Sec10}
--------------------------------

Since the publication of the first genetic linkage map of tilapia in 1998^[@CR25]^, various linkage maps have been developed for aquaculture species using microsatellites, as well as SNPs. Compared to microsatellites with long flanking DNA sequences, SNP markers that are most abundant in an organism have been more suitable for genetic studies^[@CR26]^, especially in high-density genetic linkage mapping^[@CR27]^, QTL mapping^[@CR28]^, population genetic analysis^[@CR29]^, and genome-wide association studies (GWAS)^[@CR30]^. In the past, developing SNP markers and studying their patterns in large populations were technologically challenging and expensive. Today, sequencing an individual's genotype is simple, quick, and reproducible^[@CR31]^, and a number of high-density linkage maps have been constructed for aquaculture species, such as *P. olivaceus*^[@CR32]^, *Lates calcarifer* ^[@CR33],[@CR34]^, *C. carpio*^[@CR35]^, *C. auratus*^[@CR36],[@CR37]^, *Megalobrama amblycephala*^[@CR38]^, and *Colossoma macropomum*^[@CR39]^. Here, we constructed the first genetic map of *L. polyactis* using 94,169 SNPs, and the integrated map consists of 24 LGs, which corresponded to 3,802 effective loci. The total length of the integrated map was 3,794.08 cm, with an average inter-locus distance of 0.66 cm. The value of the average locus distance was larger than *P. olivaceus* (0.47)^[@CR32]^, *L. crocea* (0.54)^[@CR40]^, *C. auratus* (0.44)^[@CR36]^, *Seriola aureovittata* (0.30)^[@CR41]^, but smaller than *Dicentrarchus labrax* (0.72)^[@CR42]^, *Hypophthalmichthys nobilis* (0.75)^[@CR43]^, *C. carpio* (0.75)^[@CR35]^, *Scophthalmus maximus* (0.72)^[@CR44]^, and *Silurus meridionalis* (0.89)^[@CR45]^. Compared with other fish genetic maps, our genetic map is relatively high in quality. The high quality linkage map that we generated has enabled us to determine the number and position of the QTLs for growth traits, and will allow for fine-mapping of QTLs in molecular breeding of *L. polyactis*. We also constructed the paternal and maternal linkage maps of the *L. polyactis,* and these data are valuable resources for genome selection (GS) and GWAS in *L. polyactis*. Due to the limited the number of individuals that were sequenced, and the use of the F~1~ generation as the mapping group, the number of non-redundant markers that mapped onto the map was relatively small. Therefore, in the subsequent research, the F~2~ generation should be used as the mapping group, and more than 200 individuals should be genotyped.

Candidate growth-related genes {#Sec11}
------------------------------

To improve aquaculture of *L. polyactis*, it is important to identify markers linked to economically important traits to breed superior parental stock. QTL analyses enable us to find the markers associated with the genetic variation for growth-related traits and the candidate genes involving physiological processes for the traits, which can be applied to breeding programs. We found strong correlations (r ≥ 0.902) among the three growth-related traits that were measured, and this finding was similar to previous work on other aquaculture species^[@CR46]--[@CR48]^. QTL analyses of growth-related traits have been conducted in some aquaculture species, such as *Oncorhynchus mykiss*^[@CR49]^, *Salmo salar*^[@CR50]^, *P. olivaceus*^[@CR51]^, *C. semilaevis*^[@CR52]^, tilapia^[@CR53]^, and *L. calcarifer*^[@CR33]^. As growth traits are quantitative traits controlled by multiple genes, growth-related QTLs are mapped to several LGs in most cases. For example, O'Malley et al.^[@CR54]^ identified QTLs for body weight in rainbow trout on 10 different LGs, Gutierrez et al.^[@CR50]^ and Reid et al.^[@CR55]^ identified QTLs for body weight in two LGs and six LGs of Atlantic salmon, respectively. In the present study, multiple QTLs were found on two LGs for growth-related traits, and three SNPs on LG11 were shared for total length, body length and body weight, suggesting that this QTL affects all three growth-related traits in *L. polyactis*. Eight SNPs that were associated with body weight and body length had the same distribution pattern on LG11. One SNP detected for body weight was located on LG6, and this SNP was unique to body weight. In all, QTLs related to different growth traits were generally located on the same LGs, though a few were found on different LGs.

QTL mapping enables us not only to detect genetic markers associated with important traits, but also to identify candidate genes that regulate traits of interest^[@CR56]^. For example, Wang et al.^[@CR57]^ identified *cathepsin D*, *KCTD15*, and *csmd2* as genes that affect body weight, body length, and total length of the Asian seabass using QTL mapping^[@CR58]^. Wringe et al.^[@CR49]^ found several major candidate growth genes (e.g., *GH2* and *Pax7*) in *Oncorhynchus mykiss*. Tao and Boulding^[@CR58]^ found *GH* was significantly associated with growth rate of *Salvelinus alpinus*. Sun et al.^[@CR59]^ identified two SNPs in *MSTN* that were significantly associated with body weight and Fulton's factor in the common carp. Liu et al.^[@CR60]^ identified a SNP in the UTR of *MSTN* 3′ that was strongly associated with total length, body length, and body weight of *Aristichthys nobilis*. In the present study, candidate genes identified from the growth-related QTLs may play critical roles in the genetic regulation of development, cell-proliferation, energy metabolism, and immunity. For example, *kif26b* was identified from the significant QTL intervals on LG11 as a candidate gene that was consistently associated with all three growth traits. As a kinesin family gene, *kif26b* plays an important role in the compact adhesion between mesenchymal cells^[@CR61]^. It was also reported that overexpressing *kif26b* promoted cell proliferation and migration, while silencing of *kif26b* had the opposite effect^[@CR62],[@CR63]^. Therefore, we hypothesized that *kif26b* may regulate growth traits through promoting cell proliferation. Another candidate gene, *bat1*, associated with body length and body weight, belongs to the family of amino acid transporters associated with type II membrane glycoproteins^[@CR64]^, and plays an important role in the protein digestion and absorption pathway. The candidate gene, *gna1*, also associated with body length and body weight, is a key enzyme in the pathway for biosynthesis of UDP-N-acetylglucosamine, an important donor substrate for N-linked glycosylation^[@CR65]^, which is important in amino sugar and nucleotide sugar metabolism. The gene *gbgt1*, which encodes the globoside alpha-1,3-N-acetylgalactosaminyltransferase 1, regulates glycosphingolipid biosynthesis^[@CR66]^, which is important in glycan biosynthesis and metabolism. Finally, *amfr* is a ubiquitin protein ligase implicated in protein processing in the endoplasmic reticulum^[@CR67]^. According to previous reports, we speculated that these genes may be involved in the growth regulation of *L. polyactis*, which requires further careful study to be verified. In addition, there are likely to be other undetected genes that regulate growth-related traits that need to be studied further using a genetic map with a higher density of SNPs.

Material and methods {#Sec12}
====================

Mapping family and DNA extraction {#Sec14}
---------------------------------

A F~1~ full-sib family of *L. polyactis* was generated for genetic mapping at the breeding station of Marine Fishery Institute of Zhejiang Province (Xishan Island, Zhoushan, China) in April 2017. Larva was cultured as described in Liu et al.^[@CR2]^. The female and male parents were from Xiangshan Harbour wild stocks. Muscle samples of the parents were collected and stored in 100% ethanol, and kept in a − 20 °C freezer. Seven months after hatching, 110 full-sibling offspring were randomly sampled for linkage analysis, and total length (cm), body length (cm), and body weight (g) were measured. The sex of each individual was identified based on anatomical observation of gonads. Muscle tissue from each individual was collected and preserved in 100% ethanol for DNA extraction.

Genomic DNA was extracted using the TIANGEN Marine animal DNA extraction kit (TIANGEN, Beijing, China). The concentration of the extracted genomic DNA was quantified using a NanoDrop 2000 (Thermo, USA) and the DNA integrity of each individual sample was evaluated by 1% agarose gel electrophoresis. DNA samples were stored at − 20 °C for further experiments.

Sequencing library preparation and next generation sequencing {#Sec15}
-------------------------------------------------------------

SNP identification and genotyping were performed by resequencing of the genome of *L. polyactis* individuals. Sequencing libraries were constructed following Nunes et al.^[@CR39]^ with slight modifications. Genomic DNA of each individual was fragmented into about 350 bp fragments by a Covaris crusher. Sequencing libraries were generated using a TruSeq Library Construction Kit following the manufacturer\'s instructions. Digested DNA fragments were examined by electrophoresis and were then ligated with barcode adaptors. Ligation products were pooled to select for 350--600 bp fragments using Pippin Prep (Sage Science, USA) after clean up with a QIAquick PCR Purification Kit (Qiagen, Germany). Libraries were enriched by PCR using Phusion® High-Fidelity DNA Polymerase (New England Biolabs, USA). Finally, libraries were cleaned using the QIAquick PCR Purification Kit (Qiagen, Germany) and quantified using the KAPA Library Quantification Kit (Kapa Biosystems, USA) for paired-end sequencing on an Illumina HiSeq™ PE150 platform (Illumina, USA), which produced single-end raw reads of 150 bp.

Sequence data analysis and genotyping of SNPs {#Sec16}
---------------------------------------------

Barcodes were used to sort the raw reads from each individual. To ensure that reads were reliable, raw data (raw reads) in FASTQ format were processed through a series of quality control (QC) procedures with in-house C scripts. QC standards were as follows: (1) reads with ≥ 10% unidentified nucleotides (Ns) were removed, (2) reads containing the HaeIII or EcoRI sequences were removed, and (3) reads with \> 50% of bases having a Phred quality \< 5 were removed. The clean reads from each individual were aligned against the reference genome (Xie et al., unpublished) using the Burrows-Wheeler Aligner (BWA) software (settings: mem -t 4 -k 32 -M -R). If multiple read pairs had identical external coordinates, the pair with the highest mapping quality was retained. Alignment files were converted to bam files using SAMtools^[@CR68]^ (settings: --bS --t). When multiple read pairs had identical external coordinates, the pair with the highest mapping quality was retained. SNP calling was performed for parents and progeny using the Broad Institute's open-source GATK software (-type UnifiedGenotyper). Unreliable SNPs were eliminated by a filtering process. A Perl script was used to filter the SNPs that had more than two genotypes. Any SNP with more than 20% missing data in both genotype and individual were removed from further analysis.

Linkage map construction {#Sec17}
------------------------

Linkage analysis was conducted by taking a pseudo-test cross strategy. SNPs were divided into three categories according to their segregation patterns: AB × AA or AB × BB (1:1 segregation only in female parent), AA × AB or BB × AB (1:1 segregation only in male parent), and AB × AB (1:2:1 segregation in both parents). Markers showing significant segregation distortion (*P* \< 0.001) were removed. The remaining SNPs were used to construct the genetic map with the package Lep-MAP (<https://sourceforge.net/projects/lep-map3/)>^[@CR69]^. Genetic maps were constructed following methods described in Shao et al.^[@CR32]^. The genotype data were filtered manually to remove obvious Mendelian errors from the offspring. The group LOD value ranged from 4 to 20, depending on the linkage group. Maps were generated by regression mapping using Lep-MAP and the Kosambi mapping function in Lep-MAP was used to convert the recombination frequencies into map distances in centiMorgans (cm). The order of markers was obtained using the order markers module of Lep-MAP. An integrated map was constructed using male and female maps that were originally generated using only one input file. To speed up the computation, constant rates for genotype errors and recombination were used. Finally, marker positions were established using the order markers module.

QTL mapping for growth traits {#Sec18}
-----------------------------

Pearson's correlations of the three growth-related traits were performed for all progeny. The QTLs of growth traits were identified using MapQTL 5.0^[@CR70]^ using Interval Mapping (IM). Automatic cofactor selection (backward elimination, *P* \< 0.05) was used to select significantly associated markers as cofactors. The LOD significance threshold levels were determined by Permutation Tests with 1,000 permutations at significance level of *P* \< 0.05. QTLs with LOD scores exceeding the genome-wide LOD threshold at *P* \< 0.05 were considered to be significant. The location of each QTL was determined based on its LOD peak location and the surrounding region. MapQTL 5.0 was used to identify QTL reference values, including phenotypic variation and positive or negative additive effect for growth traits. The candidate genes in the QTL intervals were identified based on the genome annotation information, and the genes that the SNPs of interest located in were regarded as candidate genes of particular interest.
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